The silk of silkworm consists of fibroin fiber coated by sericins. In addition, some nonprotein components were also identified in the sericin fraction. The presence of nonprotein components in the silk has not been well explained. In the present study, methods based on gas chromatography-mass spectrometry were used to identify the metabolites in the cocoon silk from a wild silkworm and two domestic silkworm strains. In total, 45 metabolites were in the cocoon silk, including organic acids, fatty acids, carbohydrates, amino acids, and hydrocarbons. Comparative analyses revealed that 17 metabolites were significant more in the wild silkworm cocoon than in the domestic silkworm cocoon, including three organic acids, three fatty acids, three aldoses, four sugar alcohols, three hydrocarbons, and pyridine. Of them, citric acid in the wild silkworm cocoon is more than 40 times that in the domestic silkworm cocoon, which may have protective value against microbes. The carbohydrate, lipid, and the long-chain hydrocarbons may act as water repellent to make the pupa survive longer in the dry environment. Many metabolites in the cocoon silk may play roles to improve the silk resistance. Lots of nonprotein components were identified in the silk for the first time, providing useful data for understanding the biological function of the cocoon silk.
The silk of silkworm consists of fibroin filaments coated by protective cover of sericins. Besides fibroins and sericins, other proteins were also identified in the silks, mainly including enzymes, seroins, protease inhibitors, and proteins of unknown functions (Dong et al. 2013 , Zhang et al. 2015 . In addition, silk also contains small amounts of nonprotein components, including 0.4-0.8% wax matter, 1.2-1.6% carbohydrates, 0.7% inorganic matter, and 0.2% pigment (Gulrajani et al. 1988) , which are mainly associated with the sericin fraction (Mercer et al. 1954) .
Many studies have focused on pigments of colored silks, and found that mulberry silkworm can spin white, yellow or yellow-green silk, and nonmulberry silkworms produce cocoons range in color from pale to dark brown (Bergmann et al. 1939a , Brunet et al. 1974 . The green pigment results from flavonoids (Kurioka et al. 2002 , Tamura et al. 2002 , while the yellow coloring matter are carotenoids (Tabunoki et al. 2004; Sakudoh et al. 2007 ). Tanning agents are responsible for the brown color of silks, four of which have been identified, including DOPA, N-3,4-dihydroxyphenyllactyl DOPA, 3-hydroxyanthranilic acid glucoside and gentisic acid glucoside (Brunet et al. 1974; Kawasaki et al. 1985; Kramer et al. 1989 Kramer et al. , 1987 Przibram et al. 1927; Waite et al. 1992 ).
Previous studies found that silk wax of silkworm mainly contains higher primary alcohols, higher fatty acids, and long-chain normal hydrocarbons, the chain lengths of which were estimated as C 25 -C 32 (Bergmann et al. 1938) . The silk wax were also found in bees, which comprises hydrocarbons, alcohols, esters, and other materials (Garnier et al. 2002 , Kimpe et al. 2002 . In the hornet Vespa analis (Hymenoptera: Vespidae), silk wax consisted mainly of hydrocarbons with linear carbon chain C 24 -C 34 (Kameda et al. 2007 ). The silk wax increases the silk resistance against the action of chemicals, as well as excessive humidity and desiccation (Bergmann et al. 1938) .
We speculate that silk may contain various components that play protective roles against predation, infection, dehydration, and radiation. Fibroins and sericins build physical barrier to protect pupae, whereas protease inhibitors and seroins in the silk have antimicrobial activities , Singh et al. 2014 . Some nonprotein silk components may also have protective roles. Carbohydrate, wax, and salt act as water repellents, flavonoids possess antimicrobial activity against a wide range of pathogens (Dzoyem et al. 2013) , and other nonprotein components may be the metabolites of biochemical reactions in the silk gland. In fact, many enzymes, which are involved in metabolism of carbohydrates, Journal of Insect Science, (2017) 17(5): 105; 1-6 doi: 10.1093/jisesa/iex069
Research Article lipids, proteins, and other materials, have been identified in the silk gland and silk (Dong et al. 2013 Zhang et al. 2015) ; however, their roles in the silk have not been well explained. Studies on silk metabolites will provide important information to reveal the roles of enzymes.
In the current study, methods based on gas chromatographymass spectrometry (GC/MS) were used to identify the metabolites in the cocoon silk from a wild silkworm and two domestic silkworm strains. Comparative analyses revealed that a number of metabolites displayed significantly higher abundance in the wild silkworm cocoon than in the domestic silkworm cocoon. Our results provide valuable data to reveal the nonprotein components in the silk and are also helpful for understanding the biological function of the cocoon.
Materials and Methods

Material and Sample Preparation
The two strains Dazao and Haoyue of domestic silkworm, Bombyx mori, were provided by the State Key Laboratory of Silkworm Genome Biology, Southwest University. The wild silkworm B. mandarina was collected from Changshou, Chongqing, China. The B. mori and B. mandarina were reared on mulberry leaves. The cocoons were collected and stored in microcentrifuge tubes at 4°C until required. The clean cocoons were weighed (0.01 g), cut into small pieces, and treated in 121°C water for 2 h. After centrifugation (14,000 × g, 15 min), the supernatant solution was transferred into a new centrifuge tube, and the precipitate was washed with 80% methanol. Incorporating the supernatant solution and the washing solution, add methanol to give a final methanol concentration of 80%. The mixture was left at 4°C overnight and then centrifuged at 14,000 × g for 15 min. The supernatant was lyophilized, and resuspended in 200 μl of 80% methanol.
GC-MS Analysis
The surpernatant was recovered by centrifugation (14,000 × g, 15 min, 4 °C). Surpernatant (100 μl) was lyophilized, and resuspended in 80 μl of methoxyamine solution (20 mg/ml in pyridine), and then was placed in water bath at 37°C for 1.5 h. Subsequently, 60 μl of N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) was used for silylation for 1 h. The reaction was stopped by addition of 10 μl hexane. The analysis was performed using the platform based on a DB-5MS column (0.25 μm, 0.25 mm × 30 m, Agilent Technologies, Inc., Santa Clara, CA) and Agilent 7890B-5977A system (Agilent Technologies, Inc.). The temperatures of inlet and ion source were set at 280 and 230°C, respectively. The oven temperature program was set as following: initially kept at 60°C for 3 min, increased to 170°C at the rate of 5 °C/min, 4 °C/min to 234°C, 5°C/min to 280°C, and held for 5 min. The voltage of detector was set at 0.93 kV, and the EI ionization voltage of metabolites was 70 eV. Full scan mode (m/z 33-500) was applied to acquire mass signals.
Data Preprocessing and Analysis
Raw data files were firstly converted into NetCDF data format by Agilent ChemStation, and sequentially peak features were extracted by XCMS software running under R environment, version 2.3.1. All the peak areas of metabolites were normalized to the total area. The metabolites detected by GC-MS were identified through searching against the National Institute of Standards and Technology (NIST) library.
To show the separated trend of sample sets, the PLS-DA (partial least squares-discriminant analysis) was performed using SIMCA-P software (version 11.0; Umetrics). The KEGG IDs of metabolites were obtained by searching the KEGG pathway database (http:// www.kegg.jp/kegg/pathway.html) (Kanehisa et al. 2000 (Kanehisa et al. , 2014 . The classification and pathway of metabolites were built by using the KEGG IDs. Unparied t-test with P-value <0.05 were used to compare the difference in metabolite abundance between wild silkworm cocoon and domestic silkworm cocoon. The heat map was used to show the differential metabolites by using the HemI (Heatmap Illustrator, version 1.0.3.3) (Deng et al. 2014) .
Results
Metabolites in the Silkworm Cocoon
B. mori was believed to have evolved from B. mandarina. The size and color of B. mori cocoon have been influenced during longterm domestication. The wild silkworm cocoon is small and has brown-yellow pigment as protective color, the cocoon of domestic silkworm Dazao has medium size and is yellow-green, and the cocoon of domestic silkworm Haoyue is big and white (Fig. 1A) . GC-MS analysis was performed to identify the metabolites in the silkworm cocoons. In total, 45 metabolites were identified by GC-MS (Suppl Table 1 [online only]). Cocoon metabolites were classified into six categories: organic acid, fatty acid, carbohydrate, amino acid, hydrocarbon, and other metabolites (Suppl Table 1 [online only]). Many metabolites were reported in this species for the first time.
The eight identified organic acids contain acetic acid, butanoic acid, benzoic acid, ethanedioic acid, propanoic acid, citric acid, succinic acid, and butenedioic acid (Suppl Table 1 [online only]). Of them, citric acid, butanedioic acid (succinic acid), and butenedioic acid (maleic acid and fumaric acid) are involved in TCA cycle. Four fatty acids were tetradecanoic acid (14: 0), hexadecanoic acid (16: 0), octadecanoic acid (18: 0), and 9,12,15-octadecatrienoic acid (18: 3). Eight carbohydrates could be divided into aldose (d-galactose, d-mannose, d-lyxose, d-allose, and arabinose), sugar alcohol (glycerol, myo-Inositol, xylitol, mannitol), sugar acid (gluconic acid), and amino sugar (N-acetyl-d-glucosamine). Four amino acids, glycine, alanine, serine, and proline, are the main constituent amino acids of silk proteins. Among the nine hydrocarbons, including propene, dodecane, tridecane, tetradecane, octadecane, heneicosane, hexacosane, heptacosane, and octacosane, only propene is alkene, others are alkanes. Other metabolites in the cocoon include urea, threonic acid, ribonic acid, 2-thiobarbituric acid, acetamide, pyridine, and piperidine.
Differential Cocoon Metabolites Between B. Mandarina and B. Mori
The total ion chromatograms suggested that metabolites in the three kinds of cocoons have obvious differences (Fig. 1B) . PLS-DA showed that data points were clearly clustered into three distinct groups, suggesting that the cocoon components were different among the B. mandarina and two B. mori strains (Fig. 1C) . By comparing the relative levels of metabolites across samples, 32 metabolites displayed significantly different levels between two sample groups (P < 0.05; Fig. 2 and Suppl Table 1 [online only]). In total, 17 metabolites had significant higher levels in the B. mandarina cocoons than in the B. mori cocoons (Fig. 3) , including three organic acids, three fatty acids, three aldoses, four sugar alcohols, three hydrocarbons, and pyridine. It is interesting that citric acid in the wild silkworm cocoon is more than 40 times that in the domestic silkworm cocoon (Fig. 3 
Pathway Analysis of the Cocoon Metabolites
Revealing the pathways is helpful for understanding the generation processes of types of metabolites. The identified metabolites in this study were submitted to the KEGG database to obtain the compound IDs. The obtained 35 compounds were then submitted to map the pathways. One hundred and nine pathways were identified, which were involved in the metabolisms of carbohydrates, amino acids, fatty acids, and other substances. By integrating these pathways, we found that many carbohydrates could transform into each other, such as the transformations among allose, mannitol, fructose, and manose (Fig. 4) . It is noted that N-acetyl-d-glucosamine (GlcNAc) is the degraded product of chitin, whereas GlcNAc could be reused to generate chitin (Fig. 4) . Although pyruvate and acetyl-CoA were not identified in this study, they are important intermediate metabolites to link carbohydrate metabolisms, amino acid metabolisms, organic acid metabolisms, fatty acid metabolisms, and hydrocarbon metabolisms (Fig. 4) .
Discussion
The silk of silkworm has been used over millennia for textiles, and there is an increasing interest on the properties and application of silk in recent years. Materials scientists revealed that silk formed cocoon has well-designed structure and excellent mechanical properties to resist impact forces generated by predators (Zhao et al. 2005 (Zhao et al. , 2007 Blossman-Myer et al. 2010; Pandiarajan et al. 2011; Chen et al. 2012a Chen et al. , b, 2013 , while biologist found that silk contains varies antimicrobial components to protect inside pupae against infection (Akai et al. 1997; Nirmala et al. 2001; Korayem et al. 2007; Shaik et al. 2009; Dong et al. 2013; Singh et al. 2014; Zhang et al. 2015) . In addition, the silk was also thought to play protective roles against dehydration and radiation. It is very important to reveal the silk components for understanding the purpose of silk-spinning and expanding the application field of silk. This study identified various organic acid, fatty acid, carbohydrate, amino acid, hydrocarbon, and other metabolites from the silk, and compared their abundance difference between wild silkworm and domestic silkworm, and discussed their biological functions in the silk gland and cocoon.
There are 523 and 182 enzymes in the silk gland and silk, respectively (Dong et al. 2013; , implying that lots of intermediates or products resulting from metabolisms could be detected in the silk. Hydrolases consist of 50% enzymes in the silk, mainly including glycosidases, lipases, and proteases. In addition, 61 binding and transport proteins in the silk have potential abilities to interact with carbohydrates, lipids, and other small molecules. These results jointly pointed out that carbohydrates, fatty acids, and amino acids should be important metabolities in the silk. In fact, 11 carbohydrates, four fatty acids, and four amino acids were found in the silk in the present study. It is noted that glycine, alanine, and serine are the main constituent amino acid of silk proteins, according for 45, 29, and 12% in the fibroins, and 17, 5, and 29% in the sericins (Mondal et al. 2007 ).
Many small molecules showed significantly higher abundance in the wild silkworm than in the domestic silkworm, such as carbohydrates, organic acids, fatty acids, and hydrocarbons. Three organic acids, including citric acid, succinic acid, and fumaric acid, are involved in the tricarboxylic acid cycle. They are relatively more in the wild silkworm cocoon than in the domestic silkworm cocoon, reflecting that the metabolism is very exuberant in the silk gland of wild silkworm. These metabolites in the wild silkworm cocoon could strengthen its protection on the pupa. For example, organic acids have antibacterial activity (Cherrington et al. 1991) , and carbohydrates and lipids may act as the water repellent. The long-chain hydrocarbons are waxes, which could provide water-retaining property for the cocoon (Bergmann et al. 1938 (Bergmann et al. , 1939a , and make the pupa survive longer in the dry environment. Fig. 2 . Heat map of abundances for the silk metabolites from the wild silkworm and two domestic silkworm strains. This heat map was generated using HemI. The abundance of metabolites is represented by different colors from yellow (higher) to blue (lower). The classification of compounds was showed on the left, and the compound names were showed on the right. Fig. 3 . Seventeen silk metabolites showed significant higher levels (P < 0.05) in the wild silkworm cocoon than in the domestic silkworm cocoon. The y-axis represents the compound abundance, which is the value of the peak area computed by the software XCMS. Fig. 4 . Metabolic pathways of the silk metabolites involving in the carbohydrates, fatty acids, amino acids, organic acids, and hydrocarbons. The grey boxes represent the identified metabolites in this study.
